We present a far-infrared magneto-optical study of the gapped nodal-line semimetal ZrSiS in magnetic fields B up to 7 T. The observed field-dependent features, which represent intra-(cyclotron resonance) and interband transitions, develop as √ B in increasing field and can be consistently explained within a simple 2D Dirac band model with a gap of 26 meV and an averaged Fermi velocity of 3 × 10 5 m/s. This indicates a rather narrow distribution of these parameters along the in-plane portions of the nodal line in the Brillouin zone. A field-induced feature with an energy position that does not depend on B is also detected in the spectra. Possible origins of this feature are discussed.
Three-dimensional nodal-line semimetals (NLSMs) [1] are currently a subject of intensive experimental investigations [2] [3] [4] [5] [6] . In these systems, 2D electronic bands possessing linear dispersion cross each other along continuous lines in reciprocal space, hence enabling 2D Dirac electrons to exist in the 3D bulk. Among these materials, ZrSiS is probably the best studied system [7] [8] [9] [10] [11] [12] [13] [14] . This material possesses two types of nodal lines: one of them is situated far away (> 0.5 eV) from the Fermi level E F , while the second one, most interesting, is much closer to E F and is fully gapped due to spin-orbit coupling. This gap is calculated to be very small, of the order of 10 meV [7] . Angle-resolved photoemission spectroscopy (ARPES) provides values between 15 and 50 meV [8] , while our earlier optical studies estimate the maximum of the gap to be around 30 meV [14] . Although the lowenergy nodal line in ZrSiS is slightly gapped, the linearity of the electronic bands forming this line extends up to ∼0.5 eV, and other non-linear bands do not cross E F . This makes ZrSiS one of the best systems to study the properties of Dirac electrons in NLSMs.
Magneto-optical spectroscopy is a powerful tool to investigate electronic properties of nodal semimetals and narrow-band-gap materials [15] [16] [17] [18] [19] . For example, this method enables experimental verification of the electronic band structure by tracing the optical transitions between the magnetic-field-induced Landau levels (LLs). This approach is particularly relevant at low energies, where other experimental techniques often lack accuracy and resolution. Here, we report on far-infrared magnetooptical investigations of ZrSiS. We found that Dirac quasiparticles fully dominate the ac (magneto)transport in ZrSiS: both inter-and intra-band optical transitions demonstrate a square-root dependence on magnetic field, typical for such bands. All measured magneto-optical spectra can be well described by a simple model of gapped Dirac bands with a single (i.e. k-independent) gap of 25 meV.
The sample studied was grown by the method de-scribed elsewhere [7] , and was the same single crystal previously used for the zero-field optical measurements of Ref. 14. The optical reflectivity spectra were collected from (001) surfaces (the in-plane response) utilizing a home-build magneto-optical setup connected to a commercial Fourier-transform infrared spectrometer. The spectra were recorded for photon energies between ∼ 5 and 75 meV in magnetic fields up to 7 T at 10 K. The Voigt geometry was chosen as the measurement configuration to allow the Kramers-Kronig analysis for linearly polarized light [20] (in the commonly utilized Faraday geometry, such analysis would only be meaningful for circular polarizations, which cannot be used for broadband optical measurements). The spectra have been obtained with two linear polarizations,Ẽ||B andẼ ⊥ B (here,Ẽ is the electric component of the probing radiation and B is the external magnetic field). Hereafter we describe our results obtained forẼ ⊥ B, while in theẼ||B polarization no field-induced changes were detected. A simultaneous change of the B-field direction and the light polarization (keeping the angle between them fixed) in respect to the crystallographic direction within the (001) plane did not affect the spectra due to the tetragonal crystal symmetry within this plane. In order to obtain the optical conductivity, the measured reflectivity spectra were merged with the zero-field reflectivity at higher energies (up to ∼ 5.6 eV, [14] ) and the Kramers-Kronig analysis was performed using x-ray atomic scattering functions [21] and Drude-Lorentz fits as extrapolations at high and low frequencies, respectively.
The measured reflectivity is given in Fig. 1 . To demonstrate the B-field-induced changes more clearly, we plot the relative reflectivity, R(B)/R(B = 0). The corresponding spectra of the real part of optical conductivity, normalized by its zero-field value, σ(B)/σ(B = 0), are given in Fig. 3(a) . The spectra between ∼ 17 and 24 meV are largely affected by noise in our setup and therefore eliminated from the discussion. Above 50 meV no fieldinduced features appear; we chose the energy scale on the plots accordingly.
The optical spectra demonstrate three field-induced features: (i) a suppression of reflectivity and optical conductivity at the lowest frequencies (marked with the red arrows in both figures); (ii) a feature that grows in intensity with increasing B, but remains its frequency position constant at around 15 meV [the gray triangle in Fig. 1 and the strongest peak in Fig. 3 (a)]; and finally, (iii) a feature around 30-45 meV seen at all the fields and marked with the green circles in Fig. 1 and the green arrow in Fig 3(a) demonstrating the frequency shift of the feature as B increases. In Fig. 3(b) , a false-color plot of the relative optical conductivity as a function of energy and magnetic field is shown. The three field-induced features Before going to the discussion, let us recall that for gapped Dirac bands the LL spectrum reads as [18, 22] :
where n is the LL index, v F is the (average) Fermi velocity, and ∆ is the gap between conduction and valence bands. The LLs in the conduction and valence bands correspond to the " + " and " − " signs in Eq. (1), respectively. The spectrum of Eq. (1) is shown in the upper panel of Fig. 4 . For the allowed inter-LL transitions, | n | can be changed by ±1. Hence, the transition energy can be written, e.g., as:
with the plus sign corresponding to interband and the minus sign to intraband transitions. These transitions are schematically depicted in the bottom part of Fig. 4 . Two situations are considered: with E F in the gap (left panel) and in the conduction band (right panel). Both situations are relevant for ZrSiS: it is well known that the Fermi level crosses electronic bands along some portions of the nodal line, while it is within the gap elsewhere [7] . In the following, we argue that this simple model can account for all field-dependent features observed by us in the magneto-optical spectra of ZrSiS. It is worth noting here that optical-conductivity measurements are not k-sensitive and probe the entire Brillouin zone. In the present study, we mostly probe the in-plane parts of the nodal line, because the external magnetic field is applied parallel to the (001) plane and hence the closed cyclotron orbits are formed for the carriers from the bands forming the in-plane portions of the nodal line, see Fig. 2 . (Small contributions from the outof-plane parts can also be present due to their corrugations.)
We start from the lowest energy feature (i). To make it more visible, we added the red open circles to Fig. 3(b) . Their positions are determined as the unitycrossing points of σ(B)/σ(B = 0), cf. Fig. 3(a) . The feature (i) starts to appear at 1.5 T and seems to extrapolate to zero as B → 0. By looking on the field evolution of this feature in Fig. 3(a) , it can clearly be related to depletion of the Drude response: the loss of Drude spectral weight at low energies is expected to be transferred to a cyclotron-resonance (CR) mode [16] , as indicated by the dash-dotted pink arrow in Fig. 3(a) . In our measurements the cyclotron resonance is superimposed on the field-independent feature (ii). In order to extract the CR parameters, we performed a Drude-Lorentz fit [23] that takes into account the CR itself, the leftover Drude component, the field-independent resonance, and the highenergy mode corresponding to feature (iii), the latter is taken into account only for completeness. In Fig. 3(c) , we present an example of such a fit for 1.5 T. This way we can extract the field dependence of the cyclotron resonance. In the inset of the Fig. 3(c) we plot the obtained energies of the cyclotron resonance as a function of B field. The linear behavior on the √ B-scale proves the relativistic nature (linear bands) of the carriers responsible for this resonance and can be nicely fitted by Eq. (2) using n = 0 and the minus sign corresponding to the intraband transition (the red arrow in Fig. 4) Now, we turn to the feature (iii). At low B, it extrapolates to the gap detected in our zero-field measurements [14] and it can be assigned to the transitions between LLs in the valence and conduction bands. In Fig. 3(b) , we plot the peak positions of σ(B)/σ(B = 0) as open green symbols. Remarkably, we can fit the symbols with Eq. (2) using the same ∆ and v F as we used to fit the CR mode. Only the sign between the addends should be changed (minus to plus). Thus, the observed mode (iii) corresponds to the interband transitions involving the n = 0 LLs, i.e., the transitions from n = −1 to n = +0 or from n = −0 to n = +1 (green arrows in Fig. 4) .
The fits to the B-dependent modes (i) and (iii) shown in Fig. 3(b,c) as black solid lines are all performed using the single values of ∆ = 26 meV and v F = 3 × 10 5 m/s. This strongly indicates that the distribution of these parameters along (the in-plane portions of) the nodal line in the Brillouin zone is rather narrow, as optical probes may only provide momentum-averaged quantities. Had ∆ and v F possessed strong k-dispersions, the field-induced magneto-optical features would be extremely broad, if detectable. As already noticed, the gap identified is well within the margins provided by calculations [7] , ARPES [8] , and optics [14] . The same is true for the obtained Fermi velocity, cf. Refs. [10, 24] .
In Fig. 3(b) , we also show the position expected for the inter-LL transitions from n = −2 to n = +1 and from n = −1 to n = +2 (dotted line, see also dotted arrows in Fig. 4) . These, as well as other transitions between the LLs with larger n, are not detectable in our spectra. This situation is quite common: the line broadening increases with energy [15, 25] making the line detection difficult.
Finally let us turn to the field-independent feature (ii), which is seen around 15 meV. The position of this mode does not show any appreciable frequency shift, but the mode strength increases with magnetic field. A simple explanation of this mode would be an in-gap impurity resonance. However, the studied ZrSiS sample is very clean: the mean free path extracted from our optical measurements on this very sample is of the order of 1 µm at low temperatures [14] . Thus, this explanation seems not to be very likely. Alternatively, surface states [26] might be relevant for the formation of this mode. A more appealing option is of bulk and intrinsic origin. We note that a low-energy mode with a very similar behavior in magnetic field (constant energy position and strength increasing with B) was observed, but remained unexplained, in another gapped NLSM, NbAs 2 [19] . It would be tempting to assign both modes to the B-independent resonance, recently theoretically proposed to be a hallmark of the NLSM state [27] . However, the model used in this reference (a single nodal loop formed by crossing cones) is far too simple and not directly applicable to ZrSiS or NbAs 2 : both compounds possess complex and extended nodal lines. Thus, we call for more theoretical studies in this direction.
Summarizing, our in-plane far-infrared magnetooptical study of ZrSiS reveals three features developing in applied magnetic field. The energy position of two of them scales as a square root of B. A simple model of a single gapped Dirac band provides adequate explanation for the field evolution of these features, the low-energy feature being associated with intra-band (cyclotron resonance) absorption, while the high-energy one appearing due to interband LL transitions. The free parameters of this model are defined as ∆ = (26 ± 2) meV and v F = (3.0 ± 0.2) × 10 5 m/s, which can be considered as averaged values over the entire in-plane part of the nodal line. Both values are well consistent with the ones obtained by other methods and reported in literature. The fact that such a simple model accounts for the complete magneto-optical spectrum indicates that ∆ and v F do not vary appreciably along (the in-plane portion of) the nodal line. This also evidences that other bands do not contribute to the corresponding ac transport. Possible origins of the third observed mode are discussed and more theory output is called for. 
